F. Pharmacoperones as tools to study structure-function relationship of G protein-coupled receptors G. Pharmacoperones as potential therapeutics VII. Conclusions and Future Directions I. Introduction T he superfamily of G protein-coupled receptors (GPCRs) consists of the most numerous membrane proteins in the mammalian genomes. With the completion of the human genome, essentially all the GPCR genes can be identified. The International Union of Pharmacology Committee on Receptor Nomenclature and Drug Classification published a complete list of nonsensory GPCRs in humans, with newly deorphanized receptors updated in the most recent review (1, 2) . In humans, there are about 800 GPCRs, with at least 342 functional nonolfactory receptors (3) (another study identified 367 receptors with endogenous ligands [4] ; this has subsequently been increased to 400 [5] ). Most of the olfactory receptors (ORs) are still orphan receptors, receptors whose endogenous ligands are unknown.
Of the nonolfactory receptors, there are three major families (6) . Family A (class 1), rhodopsin-like GPCRs, is the most numerous of the nonolfactory GPCRs, including the prototypical and most extensively studied rhodopsin and ␤ 2 -adrenergic receptor (AR), as well as the receptors for numerous hormones. They have some highly conserved residues, including two signature motifs: the D(E)RY(W) motif toward the end of transmembrane domain (TM) 3 and the N(D)PXXY motif in TM7, as well as highly conserved proline residues in TM5, TM6, and TM7. A total of 276 members are listed (not including the seven opsin-like receptors) in this family (1) . Family B (class 2), secretin-like GPCRs, include the glucagon receptor (GCGR), the glucagon-like peptide-1 receptor (GLP1-R), the calcitonin (CT) receptor (CTR), the calcitonin receptor-like receptor (CLR), the PTH receptors (PTHRs), the secretin receptor, and vasoactive intestinal polypeptide/pituitary adenylate cyclase-activating peptide receptors (VPACRs), numbering about 53. Family C (class 3) GPCRs consist of the type B metabotropic ␥-aminobutyric acid (GABA) type B receptors (GABA B Rs), the Ca 2ϩ -sensing receptor (CaSR), several metabotropic glutamate receptors (mGluRs), a large group of taste receptors (with at least 39 members), and several orphan receptors. There are about 400 potentially functional ORs in the human genome based on the sequence analysis (1) . However, the great majority of these receptors have not been deorphanized, with a major obstacle being the difficulty in expressing them at the cell surface for functional studies (elaborated more in Sections III.A. and IV. B.3.) . A number of Frizzled receptors and Smoothened are also GPCRs, listed as a separate family, although they do not couple to G proteins. Therefore, some prefer the term "seven-transmembrane domain receptors" instead of GPCRs (7) . Adiponectin receptors also contain seven TMs, but they have the opposite topology with the N terminus intracellular and C terminus extracellular, and their signaling does not involve G proteins (8) . They are not typically considered as GPCRs or seven-transmembrane domain receptors. Another popular classification scheme for GPCRs, based on phylogenetic analyses of functional nonolfactory human GPCR sequences, is the GRAFS system, standing for glutamate, rhodopsin, adhesion, Frizzled/tase2, and secretin (3) .
Evolutionarily, GPCRs are ancient and very successful (9) and are found in all eukaryotic organisms, including yeast (10) , plants (11) , and invertebrates (12) . In archaebacteria, there is a 7TM protein that acts as a photon sensor, bacteriorhodopsin, which had been used extensively as a template for homology modeling of GPCRs before the crystal structures of GPCRs were available. However, it has very low homology with GPCRs and does not signal through G proteins (it acts as a proton pump); therefore, it is not considered a GPCR.
The ligands activating GPCRs are extremely diverse, including photons, ions, amines, organic odorants, nucleotides, nucleosides, lipids, small peptides, as well as large glycoproteins (9) . The numerous GPCRs regulate almost every physiological function in the body, such as cardiovascular function (13, 14) , energy and glucose homeostasis (15) (16) (17) , reproduction (18) , and cell proliferation and cancer pathogenesis (19, 20) , to name just a few. They mediate functions of most of the peptide and protein hormones, with several prominent examples described in detail herein. Even for some steroid hormones that are well known to exert their functions through nuclear receptors, GPCRs have been identified to mediate their functions, with the most established example being that for estrogen. In addition to the classical estrogen receptor-␣ and -␤, the GPCR, G protein-coupled estrogen receptor also mediates some of estrogen's action (21) . Membrane receptors for progesterone and T have also been identified (22) .
Dysfunction in the signaling of GPCRs, due to either genetic or somatic causes, can cause numerous diseases including cancer (elaborated in detail in Section III.B.). The GPCRs are also the most druggable targets, with estimates of one-third to one-half of currently used pharmaceutical drugs targeting the GPCRs, accounting for about a quarter of the top 100 best-selling drugs worldwide (23) . It should be pointed out that these drugs target only a handful of GPCRs (about 10%), with the vast ma-jority so far untapped; therefore there is enormous potential in targeting these untapped receptors.
The GPCRs have the classical seven ␣-helical TMs connected with alternating extracellular and intracellular loops (ECLs and ICLs), with the N terminus extracellular and the C-terminal tail intracellular. The crystal structures of a number of GPCRs published during the past 14 years, starting with that of rhodopsin in 2000 and including the Nobel Prize-winning work of Brian Kobilka, demonstrated that there is an additional helical extension after TM7, which has been called Helix 8 or ICL4, that is parallel to the surface of the inner membrane and perpendicular to the other seven TMs (24 -26) . This is frequently due to the palmitoylation of cysteine residues at the C-terminal tail that anchor it to the plasma membrane. Some GPCRs are activated by lipids, including free fatty acids and phospholipids. The binding pockets for these receptors are located in the TMs situated in the lipid bilayers (27) . Even these receptors need to be transported to the cell surface for functioning. Defects in translocation to the cell surface in these receptors also cause human diseases (see Ref. 28 for an example). It should be noted that similar to the tyrosine kinase receptors, some GPCRs have also been found in the nuclear and mitochondrial membranes (29, 30) . We will focus on cell surface trafficking in this article.
The life cycle of a GPCR starts at the synthesis on the ribosome (Figure 1 ). For those GPCRs with a signal peptide, the signal sequence binds to the signal recognition particle directing the ribosome and the growing polypeptide to the endoplasmic reticulum (ER) membrane. The nascent receptor is inserted in the ER cotranslationally. For the more than 90% of the GPCRs without signal peptide, a TM, usually TM1, takes over the role of signal peptide by binding to signal recognition particle (31) . Once the receptor has achieved its native conformation, the one with the lowest Gibbs free energy, the receptor exits the ER and is further transported through the ER/ Golgi intermediate compartment, cis-Golgi, Golgi apparatus, trans-Golgi network, and reaches the plasma membrane. GPCRs function as ligand-activated molecular switches coupling ligand binding in the extracellular space (1) . Misfolded protein is polyubiquitinated and targeted for degradation by the proteasome (2i). Correctly folded protein is packaged into transport vesicles and moved to the Golgi apparatus where it undergoes further posttranslational modifications (2ii). The mature protein in small vesicles undergoes either constitutive (3i) or regulated (3ii) transport and is fused into the cell membrane (4) . Upon agonist binding, the receptor undergoes conformational change and initiates intracellular signaling. The agonist-activated receptor is phosphorylated by GPCR kinase (GRK) that attracts ␤-arrestin binding (5) and induces receptor internalization (6) . The internalized receptor is either degraded by the lysosome (7i) or dephosphorylated and recycled to the cell membrane, resulting in resensitization (7ii, 8) . Internalized receptor in the endosome can also initiate signaling (7iii).
to GTP/GDP exchange by the cognate G protein interacting with the ICLs. The endogenous ligands for GPCRs are mostly hydrophilic and cannot easily cross the lipid bilayer of the plasma membrane. Therefore, to convey the information of the ligands to the inside of the cell, GPCRs must be expressed at the cell surface.
Once activated by agonist binding, GPCRs undergo desensitization and internalization (32, 33) . Internalized receptor can either recycle to the cell surface resulting in resensitization or degradation, primarily in lysosome, resulting in down-regulation ( Figure 1 ). The intensity of signaling is frequently related to the receptor density at the cell surface: the quantity of GPCRs expressed on the cell surface that is accessible for ligand stimulation is an important factor regulating receptor signaling. Maturation, internalization, recycling, and degradation together determine the net amount of cell surface receptor level. Extensive studies were performed on receptor trafficking after ligand-induced activation; however, until recently, much less attention has been paid to the anterograde trafficking of GPCRs (34) , the delivery of ligand-naive nascent receptor to the cell surface from its site of synthesis in the ER. This is the focus of our review. Starting with a brief general introduction of cellular quality control, we will discuss why it is relevant to study anterograde trafficking. Molecular, chemical, and pharmacological chaperones that help GPCR folding and maturation will be discussed ( Figure 2 ). The therapeutic potential of pharmacological chaperones (pharmacoperones) will be highlighted.
II. Cellular Quality Control
The ER is a major site of lipid biosynthesis and calcium storage and release (35, 36) . It is also a major site for the folding of nascent proteins. In eukaryotic cells, nascent secretory proteins are cotranslationally translocated into the ER lumen, whereas nascent integral membrane proteins are cotranslationally inserted into the ER membrane, with both mediated by the Sec61 translocon (37) . These unfolded polypeptide chains undergo post-translational modifications, including glycosylation, disulfide bond formation, and dimerization/oligomerization. Before these proteins can exit the ER, they must meet the stringent ER quality control standards (38 -40) . Proteins that cannot achieve the native conformation and pass the ER quality control inspection are prevented from aggregation with the help of chaperones and provided with additional opportunities to fold. If they fail multiple rounds of folding attempts, they are retrotranslocated through the translo- con Sec61 to the cytosol, ubiquitinated, and degraded by the proteasome, the so-called ER-associated degradation (ERAD) (41) . ERAD is important to maintain global protein homeostasis in the cell; there is a delicate balance between protein folding and ERAD (41) . Overexpression of misfolded protein in the ER can lead to the production of reactive oxygen species and ER stress, finally leading to unfolded protein response (UPR), the activation of intracellular signal transduction pathways that increase the ER folding capacity (increased gene transcription of molecular chaperones) and decrease the load (decreased protein translation and degradation of ER-bound mRNAs) (42, 43) . If UPR cannot resolve the ER stress, the cells undergo apoptosis (43) . The major machinery for quality control includes heat shock protein (HSP) of 70 kDa (HSP70), chaperone Ig binding protein (BiP) and its cochaperones that detect exposed hydrophobic surfaces indicative of misfolding (44, 45) , and calnexin/calreticulin that monitor both N-linked carbohydrates and unfolded regions (46) . BiP is the major system used for monitoring the folding of nonglycosylated proteins because they are not monitored by calnexin/calreticulin.
For glycosylated membrane proteins, the glycans play a critical role in folding or sorting for degradation (47) . When the glycoproteins are irreversibly misfolded, the glycan structure will be changed, allowing the glycoprotein to move from association with calnexin/calreticulin for folding to ER degradation enhancing ␣-mannosidase-like protein (EDEM) for degradation by the 26S proteasome (48) . EDEM binds to glycoproteins after the glycans have been trimmed to a form that cannot be recognized by calnexin/ calreticulin.
III. Folding and Maturation of G Protein-Coupled Receptors
The assembly of GPCRs, as exemplified by rhodopsin, like other transmembrane proteins, begins with the entry of the nascent polypeptide chain into the ER lumen where they undergo post-translational modification such as glycosylation and initial folding. The transmembrane ␣-helices are formed and inserted into the ER membrane. The formation of a highly conserved disulfide bond connecting the top of TM3 and the second ECL has been hypothesized to be important for the alignment of the seven TMs in the ER membrane and establishing interhelical interactions (49) .
A. Some wild-type G protein-coupled receptors are not efficiently folded
Some wild-type (WT) GPCRs are not efficiently folded and processed therefore localized intracellularly and prone to degradation. Earlier studies showed that muscarinic and opioid receptors have significant intracellular presence (50, 51) . Less than 50% of the human ␦-opioid receptor (DOR) and D 1 dopamine receptor (DR) are transported out of the ER and obtain complex glycosylation (Golgi and post-Golgi), with the exit from the ER being the limiting step in the whole process of maturation (52, 53) . Those that fail to exit ER are retrotranslocated to the cytosol and degraded by the ubiquitin-proteasome pathway (54). Serotonin 5-HT 2A receptor is primarily expressed intracellularly in cortical neurons and associated with the cytoskeleton (55) and partially localized in the ER in dopaminergic neurons in the ventral tegmental area (56) .
The rat LH receptor (LHR) is another recently described example of poorly expressed WT receptor. In HEK293 cells stably transfected with rat LHR, only about 20% of the receptor precursors mature to reach the plasma membrane; the rest are retained in the ER and eventually degraded by the proteasome pathway (57) (the intracellularly retained portion is expected to be higher than 80% in transiently transfected cells). Blocking proteasome degradation with proteasome inhibitors leads to increased ER export and maturation of the receptors. For TSH receptor (TSHR) transfected in L cells, only one-third of the newly synthesized receptor can attain the mature form (58) . In lactotrophs and in AtT20 corticotrophs, TRH receptor (TRHR) is primarily expressed at the plasma membrane. However, TRHRs expressed in HEK293 and COS7 cells are primarily located intracellularly, in the ER and Golgi apparatus; this intracellular retention is not due to transient overexpression (59) . Similar observations were made for human CTR expressed in COS cells (60) .
The ORs are notoriously difficult to express functionally in heterologous cell lines. For example, when expressed in HEK293 cells, the ORs are poorly trafficked to the plasma membrane; rather, these receptors are located in the ER but not in Golgi apparatus or endosomes (61, 62) .
Closely related receptors can have very different folding efficiency. For example, of the two A 2 adenosine receptors, A 2A receptor and A 2B receptor, A 2A receptor is efficiently expressed on the cell surface, whereas the cell surface expression of A 2B receptor is significantly lower, with a substantial portion of nascent receptor retained intracellularly in the ER and eventually degraded by the proteasome (63) . Different subtypes of ARs are located intracellularly to different degrees (64) , with ␣ 2C -AR significantly retained intracellularly. Compared with the melanocortin-4 receptor (MC4R), the melanocortin-3 receptor (MC3R) has a more significant intracellular expression in stably expressed HEK293 cells (65) . As discussed in detail in Section IV.B.5., the melanocortin-2 receptor (MC2R) is completely retained intracellularly when expressed in HEK293 cells.
Differentially spliced forms of the same receptor can also have different degrees of intracellular retention. For example, of the two alternatively spliced isoforms of D 2 DR, D 2 S and D 2 L (with 29 extra amino acids in ICL3 compared with D 2 S), D 2 S is more readily processed to the mature form, whereas D 2 L has a significant portion persistently trapped intracellularly, even at the decreased temperature of 20°C, and it does not reach the plasma membrane (66) . Of the three mouse prostaglandin E3 receptor isoforms that differ in the C termini, two are localized intracellularly but not in plasma membrane, whereas the other isoform is localized in both plasma membrane and intracellular compartment (67) .
For the same receptor, orthologs from different species can also have very different folding efficiency. Although human GPCR family C, group 6, subtype A is poorly expressed on the cell surface when expressed in mammalian cells, the mouse ortholog is expressed at the cell surface (68, 69) . Of human and rat LHRs, the human LHR is more efficiently processed and is expressed at the cell surface at a higher level than the rat LHR, and the unusually long extracellular domain of the LHRs contributes partly to this difference in maturation and cell surface expression (70, 71) . Human arginine vasopressin type 2 receptor (AVPR2) is efficiently expressed at the plasma membrane, whereas the mouse AVPR2 is localized primarily in the ER (72) .
The inefficient trafficking of WT GPCRs may have important physiological implications, representing a mechanism for the cell to regulate receptor sensitization and modulate strength of signal transduction (73) . GnRH receptor (GnRHR) from lower vertebrates is expressed better at the cell surface than mammalian GnRHR (74) . We have argued that the inefficient expression of primate GnRHRs at the plasma membrane represents an effective mechanism by nature to cope with the increased complexity and cost per unit of production of offspring (75) . It has been suggested that rat LHR cell surface expression may be controlled at the ER level by regulating the number of nascent proteins that exit the ER rather than proteasome degradation (57) . Indeed, the maturation of rat LHR is developmentally regulated, with the developing gonads and some extragonadal tissues expressing only the immature form, whereas the mature gonads express both the immature and the mature forms (76) . The maturation can also be regulated physiologically because increased maturation is observed in adrenal gland and kidney of pregnant rats when the differentiation of fetal urogenital tissues is taking place (but not at term pregnancy) (76) . As mentioned above, ␣ 2C -AR is usually retained intracellularly in fibroblasts and vascular smooth muscle cells at a body temperature of 37°C. Reducing temperature will facilitate the transport of the intracellular pool to the cell surface, which can cause enhanced peripheral vasoconstriction, the so-called Raynaud syndrome (77) .
DOR is also primarily located intracellularly in basal condition, with only a small portion located at the plasma membrane (78, 79) (reviewed in Ref. 80 ). In small dorsal root ganglion neurons, DORs are mainly associated with Golgi apparatus and the membrane of large dense-core vesicles containing neuropeptides such as CT gene-related peptide (CGRP) and substance P (79) . The intracellular pool can be transported to the cell surface and inserted into the plasma membrane upon stimulation (81) . For example, activation of surface DORs with DOR agonists causes a slow and long-lasting exocytosis of large dense-core vesicles and DOR insertion into plasma membrane, whereas membrane depolarization or activation of vanilloid and purinergic receptor P2Y 1 receptors induces rapid DOR insertion into plasma membrane (82) . Concomitant release of excitatory neuropeptides such as CGRP potentiates pain perception, suggesting that DORs need to be blocked in the treatment of inflammatory pain (82) .
In proximal tubular-like cell line, LLCPK1 cells, increased dopamine availability in the cell (such as treating with agonist, dopamine precursor, or inhibitor of dopamine metabolism) leads to rapid translocation of D 1 DRs from the cytosol to the plasma membrane (83) . Peptide hormones can induce heterologous sensitization by recruiting intracellular catecholamine receptors to the plasma membrane, contributing to the potentiating effects of atrial natriuretic peptide on dopamine (D 1 DR) and neuropeptide Y on norepinephrine (␣ 1A -AR), respectively (73) . Both homologous and heterologous recruitment modulates receptor density at the plasma membrane.
In cultured neurons, the chemokine receptor for CXCL12, CXCR7, is mainly located in the cytoplasm, partially overlapping with ER marker, with little to no expression at the plasma membrane, whereas another chemokine receptor for the same chemokine, CXCR4, is expressed at the plasma membrane (84) . As an atypical chemokine receptor, the CXCR7 does not stimulate typical G protein-dependent pathways but may activate ␤-arrestin-mediated signaling (85) . It can also act as a chemokine scavenger (86) ; by sequestering CXCL12, it generates a CXCL12 gradient in the extracellular space, critical during development or in the tumor microenvironment (84) . By heterodimerization with CXCR4 in the ER, the CXCR7 can also regulate CXCR4 density at the cell surface (84) . Another decoy receptor, D6, is also expressed at low level at the cell surface, with Ͼ80% found in intracellular vesicular structures (87, 88) . Cognate chemokines induce a dose-dependent redistribution of the intracellular receptor to the plasma membrane, increasing chemokinescavenging activity (88) . This represents a rapid and unique mechanism for D6 to control inflammation.
The CaSR is a family C GPCR with a significant intracellular pool at the ER that can be mobilized to the cell surface by Ca 2ϩ -induced signaling, leading to what is called "agonist-driven insertional signaling" (89) . The receptor already at the plasma membrane undergoes constitutive endocytosis without substantial recycling; therefore the net amount of the CaSR and its signaling can be dynamically regulated by the trafficking of the intracellular receptor to the plasma membrane (90) . Indeed, different from results in other GPCRs that demonstrate the dominant negative effect of intracellularly retained mutants on the WT receptor expression (see Section III.B.), in the CaSR, expression of the WT receptor can substantially rescue the cell surface expression of mutants retained intracellularly (91) .
Although GPCR signaling is traditionally believed to be mediated at the cell surface, activation of intracellular pool of GPCRs has also been reported. For example, activation of intracellular mGluR5 generates distinct Ca 2ϩ responses and downstream signaling cascades different from the cell surface mGluR5, resulting in sustained synaptic transmission (92, 93) . ER-located MC4R is also capable of initiating signaling (94) . Some internalized GPCRs, such as ␤ 2 -AR, PTHR, and TSHR, also continue to signal in endosomes or in vesicles associated with the Golgi complex or trans-Golgi network, generating a new wave of signaling (95) (96) (97) (98) (99) (100) , which is turned off not by ␤-arrestin, but by retromer complex (97) (Figure 1) .
B. Defects in folding and maturation of mutant receptors are the major cause of genetic diseases caused by mutations in G protein-coupled receptors
After the cloning of GPCR genes, first with the rhodopsin (101) and then with the ␤ 2 -AR (102), followed by numerous other GPCRs, it was soon found that both gainof-function (primarily constitutively active) and loss-offunction mutations were identified to cause human diseases, including many endocrine diseases. Both inherited and somatic mutations were identified. There are several extensive reviews covering the general aspects of GPCR mutations (see Refs. 103-110 for examples) as well as numerous review articles covering individual receptors. Interested readers are referred to these resources for further details. Because the topic of this article is GPCR trafficking, we will discuss only the inactivating mutations herein. Table 1 lists some examples of inactivating mutations in GPCRs causing human diseases. It is not meant to be exhaustive, and with the next-generation high-throughput sequencing, new reports of mutations in GPCR genes are appearing in the literature all the time. The list does highlight a number of prominent endocrine diseases caused by GPCR gene mutations. It should be noted that mutations in GPCR genes in other animals have also been reported to be associated with diseases. Some of the examples, in addition to mutations in rodents not discussed here, include horse Hirschsprung disease due to endothelin B receptor mutation (111, 112) , dog retinal degeneration (similar to human retinitis pigmentosa) due to rhodopsin mutation (113) , dog narcolepsy due to orexin 2 receptor mutation (114) , pig growth traits due to MC4R mutations (115, 116) , dog obesity due to MC4R mutations (117, 118) , and CCR5 (C-C chemokine receptor type 5) mutations in African green monkey changing susceptibility to simian immunodeficiency virus infection (119) . Fascinating studies on the melanocortin-1 receptor (MC1R) mutations and their association with color pattern in many different species of animals, including rodents, pigs, cows, and foxes, among others, clearly showed that constitutively active mutations cause a black coat color, whereas loss-of-function mutations are associated with yellow or red coat colors (120) .
Single nucleotide polymorphisms (SNPs) have also been identified in numerous GPCRs that are associated with different phenotypes or disease progression. There are a number of excellent reviews summarizing these studies (106, 121, 122) . Functional studies on these variants have also been done with usually more subtle changes. Our focus herein is on the overt mutations; therefore we will not discuss SNPs further.
Pseudogenization can also be considered as a natural mutation leading to a total loss of function, a natural knockout model (106) . It is estimated that approximately 17% of nonolfactory GPCRs in humans are functionally inactive (123) . In some animals, similar pseudogenization occurs. For example, the taste receptors have evolved with the major diets of the animals. In cats, which are indifferent to sweet food, the sweet receptor T2R1 is a pseudogene (124) . In carnivorous mammals, the taste receptors are inactivated (125) . And in giant panda, which primarily feeds on bamboo, the umami receptor T1R1 is not functional (126) .
Extensive functional studies of the naturally occurring mutations in those GPCRs associated with diseases/phenotypes have provided unique insights into the structurefunction of these receptors. We proposed that these inac-tivating mutations can be classified into five different classes (107, 127, 128) (Figure 3 ). Class I mutants have decreased protein levels due to decreased protein synthesis and/or increased protein degradation, mostly associated with nonsense or frameshift mutations. Class II mutants are retained intracellularly, mostly due to misfolding and retained in the ER, with some retained in the Golgi apparatus. Class III mutants are transported onto the cell surface but cannot bind to the ligand. Class IV mutants are transported onto the cell surface, can bind to the ligand, but cannot generate signaling due to defects in either G protein coupling or activation. Class V mutants have no significant effect on receptor expression and signaling. However, defects in other aspects of the receptor's functions including desensitization, internalization, resensitization, or activity at an alternative signaling pathway are usually not investigated and could potentially be the cause of the phenotypes observed. Most of the mutations are Class II mutations that are retained in the ER.
Of special interest are the findings on a unique atypical GPCR, GPR143 (ocular albinism type 1). Unlike the other GPCRs that need to be present at the cell membrane for signaling (see rare exceptions mentioned in Section III.A.), GPR143 is located at the membrane of an intracellular organelle, melanosome (129, 130) ; it can bind to Gi family of heterotrimeric G proteins and regulate melanosome transport in pigment cells (130, 131) . Characterization of 19 missense mutations in GPR143 identified from patients with ocular albinism type 1 in COS-7 cells showed that 11 (ϳ60%) mutants are misfolded and retained in the ER, defective in intracellular transport and glycosylation (without the mature glycosylation achieved in Golgi apparatus), whereas the other eight mutants have normal processing and trafficking as the WT receptor, suggesting that protein misfolding and defective trafficking is also a major pathogenic mechanism in the naturally occurring mutations in this intracellular GPCR (132) . ER-retained mutants frequently exert dominant negative effects on the coexpressed WT receptors due to heterodimerization between the WT and mutant receptors, which likely takes place during or shortly after their biosynthesis in the ER (133) (134) (135) . Dominant negative effect has been observed with numerous GPCRs. Examples include rhodopsin (134, 136) , ␤ 2 -AR (133), AVPR2 (137), CCR5 (138) , LHR (139) , TSHR (140), MC1R (141), Gn-RHR (142), prostacyclin receptor (143) , and the Frizzled family of Wnt receptors (144) , among many others.
However, dominant negative activity is not always observed with ER-retained mutants. A prominent example is the MC4R. Most of the obese patients harboring MC4R mutations are heterozygous. Therefore, it is of significant interest in understanding whether heterozygous MC4R mutations cause obesity by dominant negative activity or due to haploinsufficiency. Because functional studies showed that many mutant receptors are retained intracellularly (127, (145) (146) (147) , it was surprising that most of these misfolded mutants do not exert dominant negative activity (reviewed in Refs. 128 and 148) . Some mutants were shown to have dominant negative activity, but these mutants are expressed on the cell surface (149) . In the related MC3R, where mutations have also been implicated in the pathogenesis of human obesity or adiposity (150) , there is also no dominant negative activity, whether the mutant receptors are expressed on the cell surface or not (65, 151, 152) , although dimerization of the MC3R and MC4R has been demonstrated (149, 153) . However, more detailed studies need to be done to explain the apparent lack of dominant negative activity in the naturally occurring MC3R and MC4R mutations that are retained intracellularly. Whether these two melanocortin receptors (MCRs) dimerize in the ER, like other family A GPCRs (154) , is of special interest.
Kallmann syndrome includes hypogonadism due to decreased GnRH secretion and anosmia or hyposmia due to defect in olfactory bulb morphogenesis. PROKR2 (prokineticin receptor 2) mutations cause Kallmann syndrome. Functional studies showed that some PROKR2 mutants have decreased cell surface expression, but these mutants do not have a dominant negative effect on the WT receptor cell surface expression (155) .
Although most of the misfolded mutant receptors are retained in the ER, there are some mutants that can escape the ER quality control mechanism but are retained in the Golgi apparatus. For example, rhodopsin mutant E150K associated with autosomal recessive retinitis pigmentosa is partially colocalized with the cis/medial Golgi compartment markers such as GM130 and Vti1b, but not with the trans-Golgi network such as P230 (156) . This mutant receptor also does not exert dominant negative activity on the coexpressed WT rhodopsin (156) . The ORs expressed in undifferentiated odora cells are exported from the ER but are retained in the Golgi apparatus and not transported to the plasma membrane (157) . Mutants that dis- rupt the N-terminal YS motif at the ␣ 2A -and ␣ 2B -AR are also retained in the Golgi apparatus, not at the ER (158) . Of eight naturally occurring AVPR2 mutations studied in one report, five can exit the ER and reach the ER/Golgi intermediate compartment and are retrogradely transported back to the ER (159). These results are consistent with the idea that in addition to the quality control at the ER, there is additional post-ER quality control (160).
C. Motifs involved in retaining G protein-coupled receptors intracellularly
Several studies have identified a series of motifs, most of them highly conserved in GPCRs, that are involved in retaining GPCRs intracellularly. These motifs include tyrosine-based motifs, dileucine motifs, hydrophobic FxxxFxxxF motifs, basic domains, and polyproline motifs, among others. These studies are summarized in several excellent reviews (34, 135, 161, 162) and will not be repeated here.
It should be emphasized that naturally occurring mutations in these motifs causing human diseases are very rare. Most of the studies that identified these motifs are structure-function studies using laboratory-generated mutants. Functional studies on disease-causing loss of function mutations showed that defects in trafficking could occur anywhere in the receptor. In Figure 4 , we list the Class II mutations identified in MC4R ( Figure  4A ), GNRHR ( Figure 4B ), and AVPR2 ( Figure 4C ) that clearly demonstrate that they are widely distributed in the receptors, including all seven TMs, the ECLs, and ICLs, as well as the N and C termini. These mutations, instead of disrupting particular motifs, have defects in folding. Because the anterograde trafficking of GPCRs is tightly regulated, we will discuss next the endogenous (molecular) and exogenous (chemical and pharmacological) chaperones that help the GPCRs moving from their site of synthesis at the ER to the plasma membrane ( Figure 2 ).
IV. Molecular Chaperones in the Folding and Maturation of G Protein-Coupled Receptors
Anfinsen's Nobel Prize-winning work showed that the tertiary structure of a protein is determined by its primary structure, the sequence of the amino acids on the peptide chain. In his Nobel Lecture, he wrote: "the native conformation is determined by the totality of interatomic interactions and hence by the amino acid sequence in a given environment," the "normal physiological milieu" (163) . The forces that determine the three-dimensional structure are hydrogen bonds, van der Waals interactions, backbone angle preferences, electrostatic interactions, and hydrophobic interactions (164) . However, the classical selfassembly principle is not sufficient to explain the efficient folding of nascent proteins in the cell, because of the enormous theoretical "folding space" (165) and the much higher concentrations of proteins in living cells than that used in Anfinsen's classical experiments that frequently leads to protein aggregation due to the exposed hydrophobic surface in folding intermediates (166) . A seminal study demonstrated that in live cells, mitochondrial proteins can be synthesized and imported into the mitochon- 
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Tao and Conn Chaperoning G Protein-Coupled Receptors Endocrine Reviews, August 2014, 35(4):602-647 dria but cannot be folded when the mitochondrial chaperone is mutated (167) . The subsequent discovery of a network of molecular chaperones that assist the folding of nascent proteins provides a logical explanation. Molecular chaperones promote folding and prevent aggregation (the name "chaperone" derives from its role in preventing or reversing incorrect interactions, analogous to the human chaperone at a high school prom), ensuring protein homeostasis (proteostasis), the balance of protein folding, misfolding, and degradation (40) . Figure 5 lists the general and receptor-specific molecular chaperones that will be discussed in this article.
A. General molecular chaperones
Calnexin and calreticulin
Calnexin is an ER membrane chaperone, and calreticulin is an ER luminal chaperone. Working with glycosyltransferase, they help the folding of glycosylated proteins (168) . As true molecular chaperones, they also interact with non-native unglycosylated proteins, decreasing their aggregation and maintaining unfolded proteins in a conformation that can be refolded (169 -171) .
Most of the GPCRs are glycoproteins containing the consensus sequence for N-linked glycosylation (sequon), Asn-X-Ser/Thr (where X is any amino acid except proline), at the extracellular N terminus and ECLs. Earlier biochemical studies using pure receptors showed that ␤-ARs are glycoproteins containing both high mannose immature carbohydrates (sensitive to endoglycosidase H treatment and binds to concanavalin A) and complex type mature carbohydrates (sensitive to neuraminidase treatment and binds to wheat germ agglutinin) (172, 173) . Since then, extensive literature exists on the functional roles of glycosylation on receptor function, with different (173) . This was confirmed by another study using the lipid vesicle reconstitution technique (174) . Even in related receptors, N-linked glycosylation can have very different importance in receptor expression and function. For example, in the rat LHR, N-linked glycosylation is not essential (although it is beneficial) for proper folding (175) ; however, in the closely related rat FSH receptor (FSHR), N-linked glycosylation is absolutely required for folding into mature conformation capable of ligand binding (176) . These studies showed that N-linked glycosylation exerts different functions in different GPCRs, with an effect on folding and cell surface expression most consistently observed.
Calnexin is a well-characterized molecular chaperone that interacts with nascent chains of N-glycosylated proteins in the ER lumen. Interaction of calnexin with its client proteins allows correctly folded molecules to reach their normal destination and retain misfolded molecules in the ER. Several GPCRs have been shown to interact with calnexin and/or calreticulin, including immature LHR (177, 178) , immature FSHR (177), TSHR (179), GnRHR (180), AVPR2 (181) , and D 1 and D 2 DRs (182). The immature form of WT and mutant AVPR2s associate with calnexin, and ER-retained mutants have prolonged association with calnexin, suggesting that calnexin is serving as a monitor for quality control, retaining the misfolded AVPR2 in the ER (181) . Mutant MCHR1 (melanin-concentrating hormone receptor type 1) retained in the ER was also found to associate with calnexin more extensively compared with WT MCHR1 (183) . With D 1 and D 2 DRs, both calnexin inhibitors and calnexin overexpression increase intracellular retention and decrease cell surface expression of the receptors, suggesting that optimal receptor-calnexin interaction is critical for optimal cell surface expression of the receptors (182) . Overexpression of calnexin decreases plasma membrane expression of human and rat GnRHRs and subsequent signaling (184). Recently, a 4-amino acid, noncontiguous "motif" (L112, Q208, L300, D302) in GnRHR that might be a determinant of calnexin recognition was identified (184). Overexpression of several ER resident chaperones including calnexin does not increase cell surface expression of mammalian GPCRs expressed in yeast (185) . These results suggest that calnexin binds to glycosylated GPCRs, serving as a monitor of receptor folding.
Different unglycosylated GPCRs have varying abilities to bind to calnexin. Unglycosylated human DOR does not interact with calnexin and is transported out of the ER and processed to the mature form at an accelerated rate (186) . Some of these receptors at the cell surface cannot bind the ligand, and they have increased turnover and lysosomal degradation. The end result is that the unglycosylated receptor is expressed at the cell surface at a reduced level (186) . However, unglycosylated angiotensin type 1 receptor (AT 1 R) can associate with calnexin (187), consistent with the pure chaperone function of calnexin. Drosophila and mammalian rhodopsins seem to have different requirements for calnexin in their maturation. Calnexin is required for Drosophila rhodopsin maturation (188) . However, mammalian rhodopsin does not have an absolute requirement for calnexin in its biogenesis and maturation (189) . These differences may be explained by the different requirements for glycosylation in the maturation of Drosophila (requiring glycosylation) and mammalian (not requiring glycosylation) rhodopsin. Nevertheless, calnexin preferentially associates with misfolded rhodopsin, and overexpression of calnexin in the presence of the pharmacoperone 11-cis-retinal increases the folding of mutant rhodopsin (190) .
In HEK293T cells, mouse odorant receptors mI7 and mOREG are retained in the ER, colocalizing with ER markers and containing endoglycosidase H-sensitive carbohydrates; they cannot be detected in Golgi apparatus or plasma membrane (191) . They interact with calnexin but not calreticulin and are eventually degraded by proteasome or autophagosome (191) .
The vomeronasal organ, one of the three chemosensory systems, is dedicated to the detection of pheromones (192) . Receptors for peptide pheromones, vomeronasal receptor type 2 (V2Rs), are not expressed on the cell surface in heterologous cells frequently used for studying GPCRs. (Note: V2R is also frequently used as an abbreviation for type 2 arginine vasopressin receptor, for which we used AVPR2 as the abbreviation to avoid confusion with the pheromone receptor also discussed in this article.) Calreticulin, a housekeeping chaperone usually expressed in most eukaryotic cells, is not expressed at a significant level in the vomeronasal sensory neurons. Calreticulin knockdown in heterologous cell lines results in transfected V2Rs to reach the plasma membrane efficiently (193) . Therefore, in vomeronasal sensory neurons, calreticulin is deleterious for cell surface expression of V2Rs. A calreticulin homolog, calreticulin 4, functions as a replacement for calreticulin but does not exert a negative effect on membrane export of V2Rs (193) .
In summary, calnexin and calreticulin can interact with many different GPCRs, especially the glycosylated form (although coimmunoprecipitation experiments do not show interactions between prostaglandin receptor 1 (DP1) overexpressed in HEK293 cells and calnexin or calreticulin [194] ). The effects of overexpressing these chaperones on the cell surface expression of GPCRs vary with the GPCRs. Frequently, too high and too low expression of these chaperones are both deleterious for the forward trafficking of GPCRs.
Heat shock proteins
When exposed to increased temperature, a universal response in cultured cells and every organism investigated is the production of a small number of highly conserved proteins, the HSPs (195) . The HSPs are also induced by a wide variety of other stresses, including the presence of misfolded proteins. These HSPs help misfolded proteins to achieve their native conformation to relieve the stress (this explains why some of the molecular chaperones are stress proteins). The genes encoding the HSPs are highly conserved during evolution, not only in the coding region but also in the regulatory region (195) .
HSP70 is the most highly conserved HSP and has been the most extensively studied (195) . HSP70 aids in protein folding, stabilization, translocation, and degradation. The nascent peptide is recognized cotranslationally by HSP70, prevented from premature misfolding (196, 197) . HSP70 and HSP90 chaperone systems collaborate in the cellular processing of clients. HSP70 interacts with some GPCRs such as ␣ 2A -AR, which results in uncoupling of the receptor from G protein (198) . DP1 overexpressed in HEK293 cells do not interact with several molecular chaperones such as BiP, cytosolic 70-kDa heat-shock cognate protein (Hsc70), and HSP90 (194) . A recent study using tandemaffinity purification and mass spectrometry showed that the adenosine A 2A receptor interacts with HSP90␣ and HSP70 -1A, and these interactions result in the retention of partially folded receptor from exiting the ER prematurely, acting as a mechanism of quality control (199) . Disruption of receptor-HSP90 interaction is required before the recruitment of coat protein complex II (COPII) components. HSP90 inhibitors (such as radicicol and 17-dimethylaminoethylamino-17-demethoxygeldanamycin) or decreasing cellular HSP90 levels using small interfering RNA (siRNA) knockdown of HSP90 increase the cell surface expression levels of adenosine A 2A receptor endogenously expressed in PC12 cells (199) or ␣ 2C -AR expressed in HEK293 cells (200) .
Coimmunoprecipitation experiments showed that Hsc70 associates with MC4R (201) . Hsc70 overexpression corrects the misfolding of naturally occurring mutant receptors and increases their plasma membrane expression and signaling capacity. For MC4R, inhibition of endogenous HSP90 by geldanamycin reduces receptor levels. By contrast, expression of the HSP90 cochaperone Aha1 (activator of HSP90 ATPase) increases cellular levels of MC4R. These data indicate that cytosolic chaperone systems can facilitate folding and forward trafficking of intracellularly retained MC4R mutants (201) .
BiP, also known as GRP78 (or glucose-regulated protein of 78 kDa), is a member of the HSP70 family of proteins in the ER lumen. It has been shown to be important for the folding and assembly of nascent proteins, identifying misfolded proteins for ERAD, preserving the permeability barrier of Sec61 translocon during early stages of protein translocation, as well as maintaining ER calcium stores (45) . WT rat LHR and FSHR do not associate with BiP (177) . Although WT human LHR does not associate with BiP, two naturally occurring mutant human LHRs, A593P and S616Y, associate with BiP (178). It was suggested that the association of BiP with WT human LHR that is in the process of normal folding is likely to be transient, more difficult to observe with coimmunoprecipitation technique; however, the association of misfolded mutant receptors with BiP is likely more persistent, and therefore easier to observe (178) . Another recent study showed that both human and rat LHRs but not human FSHR interact with BiP; increased BiP expression increases total (both cell surface and intracellular) LHR but not FSHR levels (202) . The exact reason for this discrepancy between these two studies is not clear. TSHR interacts with BiP, and overexpression of BiP increases TSHR degradation and decreases mature TSHR level at the cell surface (179) .
In vitro, overexpression of BiP has no effect on the folding and trafficking of the most common rhodopsin gene mutation in North America, P23H (203) . Extensive studies on this mutation have shown that P23H rhodopsin is misfolded (204) . Expression of P23H in cells causes ER stress, activates the UPR, and induces apoptosis (203, 205) (similar findings were reported for another misfolding rhodopsin mutation, T17M [206] ). In transgenic animals expressing P23H and patients harboring this mutation, retinal degeneration and autosomal dominant retinitis pigmentosa ensue (207, 208) , accompanied with decreased BiP expression (205) . Overexpression of BiP in transgenic rats can alleviate ER stress and decrease UPR and photoreceptor apoptosis (203) . A recent study demonstrated that BiP is important for preventing aggregation and maintaining solubility of rhodopsin in the ER (209) .
HSP90 interacts with the C-terminal tail of proteaseactivated receptor-1 (210) . This interaction does not affect cell surface expression of the receptor; rather, it modulates receptor signaling (210) . This was suggested to be consistent with the fact that in nonstress conditions, HSP90 interacts with several signaling molecules to affect these signal transduction cascades (211) .
To summarize, a number of HSPs, especially BiP, have been shown to affect the cell surface expression of WT and mutant GPCRs, with different effects observed in distinct GPCRs. No general conclusions can be reached at this time. More studies on different GPCRs are needed.
Protein disulfide isomerase
Disulfide bonds are known to increase protein thermodynamic stability (212) . The ER is the major compartment in which disulfide bonds are formed during protein folding (disulfide bonds are also formed in the mitochondrial intermembrane space) (213, 214) . Two enzymes in the eukaryotic ER, ER oxidoreductin-1 and protein disulfide isomerase (PDI), are responsible for introducing disulfide bonds into proteins being folded in the ER (214) . Molecular oxygen oxidizes ER oxidoreductin-1 generating disulfide bond de novo, which then oxidizes PDI, acquiring the disulfide bond by dithiol/disulfide exchange. PDI then passes the disulfide bonds onto substrate proteins (215) . First discovered by Anfinsen and colleagues (216) , PDI is a resident protein in the ER of eukaryotes, acting both as a molecular chaperone and an isomerase (217) (218) (219) . It can affect protein folding and protein aggregation through its peptide-binding domain, including proteins without any disulfide bonds. As an ER oxidoreductase, it also facilitates formation of the correct disulfide bonds in the client proteins by promoting rapid reshuffling of disulfide pairings, including reduction of incorrect cysteine pairings and reoxidation of cysteines for correct disulfide bonding (220) .
A signature motif in most family A GPCRs is the existence of a disulfide bond connecting the top of TM3 with the second ECL. This disulfide bond has been experimentally shown to be critical for normal folding of a number of GPCRs. For example, in rhodopsin, a disulfide bond between C110 and C187 is required for normal rhodopsin formation, whereas a disulfide bond between other cysteines, for example between C185 and C187, leads to misfolding, characterized by the loss of ability of opsin to bind 11-cis-retinal (221) (222) (223) (224) . Similarly, extracellular cysteines were found to be essential for normal cell surface expression of the human platelet-activating factor receptor (225) . Studies with the naturally occurring MC4R mutation, C271R, suggested that formation of a functionally disastrous disulfide bridge also results in misfolding and intracellular retention (226) .
Very few studies have been done on the role of PDI in GPCR folding. In coimmunoprecipitation experiments, PDI was found to associate with immature forms of human glycoprotein hormone receptors, FSHR, LHR, and TSHR (178) . Interestingly, of two naturally occurring mutations in human LHR that are retained intracellularly, A593P and S616Y (139, 178) , S616Y is associated with PDI but A593P is not (178) . To study the potential func-tion of this association, PDI was overexpressed in a yeast system. For the GPCRs that contain a disulfide bond, overexpression of PDI does not increase cell surface expression (185) . However, overexpression of ERP-57 led to increased intracellular retention of human GnRHR (227) . Indeed, it is known that under certain conditions, PDI also facilitates protein misfolding and aggregation, the socalled antichaperone activity or unfoldase activity (228, 229) . It was suggested that this antichaperone activity might be a mechanism to retain misfolded proteins in the ER as large aggregates bound to PDI (or other ER resident chaperones) when the folding capacity is exceeded (230) .
Using a membrane-based split ubiquitin yeast two-hybrid assay with full-length GLP1-R as the bait, ERp29, a PDI-like ER luminal protein but without thioredoxin-like catalytic moiety, was identified to interact with GLP1-R (231), although the function of this interaction is not clear. Interestingly, none of the general molecular chaperones described above were identified to interact with GLP1-R.
Other chaperones
In addition to the molecular chaperones described above that were extensively studied, there are some reports of other less-known chaperones that can also interact with GPCRs and potentially affect forward trafficking of GPCRs. For example, Ribophorin I is a component of the oligosaccharide transferase complex that has been shown to directly interact with -opioid receptor (MOR), promoting its export from the ER and hence increasing cell surface expression of the receptor (232) . This chaperone activity is dependent on N-linked glycosylation because Ribophorin I does not affect the trafficking of mutant GPCRs that are deficient in N-linked glycosylation (232) .
Ankyrin repeat domain-containing protein 13C (ANKRD13) is a protein associated with the cytosolic side of ER membranes. Its interaction with DP can promote the biogenesis of DP by inhibiting the degradation of newly synthesized receptors. However, a prolonged interaction between ANKRD13C and DP1 results in ER retention of misfolded or unassembled forms of DP1 and their proteasome-mediated degradation (194) . ANKRD13C also regulates the expression of several other GPCRs, including CRTH2 (chemoattractant receptor homologous molecule expressed on T-helper type 2 cells), thromboxane A 2 receptor, and ␤ 2 -AR, and this interaction is specific because ANKRD13C does not affect the expression of several other non-GPCRs (194) . These results suggest that ANKRD13C, acting as a molecular chaperone, can regulate the maturation of some GPCRs. A pharmacoperone for DP1, MK-0524, enhances DP1-ANKRD13C interaction, leading to increased proteasomal degradation of DP1 (194) .
A Golgi membrane-associated protein, AT 2 R binding protein of 50 kDa (ATBP50; also called AT 2 interacting protein 1, or ATIP1), binds to an ER export signal in the C terminus of angiotensin type 2 receptor (AT 2 R) as demonstrated with yeast two-hybrid assay and coimmunoprecipitation (233, 234) (see Ref. 235 for a review on AT 2 R interacting proteins). In vivo, AT 2 R and ATBP50 are coexpressed, with high expression in the uterus and adrenal gland. siRNA knockdown of ATBP50 leads to ER retention of AT 2 R and decreased cell surface expression, suggesting that this protein functions as a chaperone to traffic the AT 2 R to the plasma membrane (234) . Golgin-160, localized primarily in the cis and medial regions of the Golgi apparatus, promotes the cell surface expression of ␤ 1 -AR (236) .
These selected examples are just a glimpse of the proteins that can modulate forward trafficking of GPCRs. Future studies, especially using proteomic approaches, will certainly identify additional interaction partners of GPCRs that affect the anterograde trafficking in the different compartments, especially the exiting of the ER quality control system.
B. Receptor-specific molecular chaperones
The general molecular chaperones described above help multiple GPCRs (as well as other cellular proteins) to fold and travel to their destiny. Below, we list several molecular chaperones that have evolved to be specialized proteins escorting a very limited number of GPCRs.
Specific chaperones for opsins
Neither inactivation nor afterpotential A (NinaA), a cyclophilin homolog with peptidyl-prolyl cis-trans isomerase activity, is essential for biogenesis of the major Drosophila rhodopsin, Rh1 (237) (238) (239) . In transgenic Drosophila, NinaA forms a stable complex with Rh1 and contributes to Rh1 biogenesis in a quantitative manner (239) . Therefore, NinaA acts as a chaperone to promote Rh1 export from the ER. A cyclophilin-related protein, Ran-binding protein 2 (RanBP2), acts as a chaperone for mammalian red/green opsin, causing cis-trans isomerization of one or more proline residues in the opsin protein (240, 241) . Both NinaA and RanBP2 have a single hydrophobic TM attaching them to a subcellular membrane. These two proteins represent the first examples of receptor-specific chaperones.
Specific chaperones for calcitonin receptor-like receptor
When an orphan receptor related to CTR named "calcitonin receptor-like receptor" (CLR) was cloned from rat and human (242) (243) (244) , it was found not to be expressed on the cell surface and not to be activated by any known Interestingly, RAMPs not only affect receptor trafficking; they also affect receptor pharmacology, including ligand binding and G protein coupling. CLR associated with RAMP1 is a CGRP receptor, whereas CLR associated with RAMP2 or RAMP3 is one of the two different subtypes of adrenomedullin receptor (245) . RAMP1 or RAMP3 (but not RAMP2) coexpressed with CTR generates an amylin receptor. The binding affinity of the RAMP1-CTR complex is the highest for salmon CT, high to moderate for rat amylin and human CGRP␣, and low for human CT, whereas for the RAMP3-CTR complex, similar affinities for amylin and the CTs are observed, but that of human CGRP␣ is markedly decreased (246) . Compared with CTR expressed alone, CTR coexpressed with RAMPs has dramatically increased amylin potency of Gs signaling (20-to 30-fold as measured by increased intracellular cAMP) compared with Gq signaling (2-to 5-fold as measured with increased intracellular Ca 2ϩ ) or ERK1/2 phosphorylation (2-to 5-fold using non-Western blotbased Surefire phospho-ERK kit), consistent with increased affinity (247) . These data suggest that RAMPs directly affect the G protein-coupling efficiency of CTR (247) .
RAMPs also affect receptor internalization and recycling (248, 249) . RAMP3 (but not RAMP1 or RAMP2) has PSD-95/Discs-large/ZO-1 homology (PZD) domain at the C terminus that can interact with Na ϩ /H ϩ exchanger regulatory factor-1 (NHERF-1) to affect receptor internalization (in the absence of RAMP3, the receptor is desensitized but not internalized) or with N-ethylmaleimidesensitive factor (NSF) to affect receptor recycling after internalization (in the absence of RAMP3, the receptor is degraded). Subsequent studies showed that RAMPs also associate with other members of family B GPCRs and even a family C GPCR. All three RAMPs interact with VPAC 1 R and VPAC 2 R, affecting G protein coupling (250) . Of the three RAMPs, only RAMP2 interacts with GCGR, PTHR1, and corticotropin-releasing factor (CRF) 1 receptor (CRF 1 R); only RAMP3 interacts with PTHR2 and secretin receptor; and GLP1-R does not interact with any RAMPs (250 -252) . The transmembrane region of RAMP3 associates with TM6 and TM7 of secretin receptor. Although RAMP3 association does not change the forward trafficking of the WT secretin receptor (which traffics normally in the absence of RAMP3), it does rescue an intracellularly retained secretin receptor mutant (G241C) to the cell surface. There is no change in signaling (including intracellular cAMP, calcium, and ERK1/2 phosphorylation) or internalization when the WT secretin receptor is associated with RAMP3 (252) . RAMP2 association with the CRF 1 R increases the cell surface expression of CRF 1 R but does not affect agonist-stimulated cAMP generation; however, it enhances intracellular calcium response to CRF and urocortin 1, but not to sauvagine.
The CaSR is a family C GPCR with a large extracellular N terminus for binding to Ca 2ϩ in a Venus flytrap mode, and it plays a crucial role in calcium homeostasis (253) . The RAMPs also promote the trafficking of the CaSR (254) . In COS7 cells that do not contain endogenous RAMPs, the CaSR is retained in the ER; coexpression of RAMP1 or RAMP3, but not RAMP2, escorts the CaSR to the cell surface. In HEK293 cells that express RAMP1, the CaSR is expressed at the plasma membrane; siRNA knockdown of RAMP1 alters CaSR trafficking. Coimmunoprecipitation experiments showed that RAMP1 and RAMP3 associate with the CaSR. These results suggest that CaSR association with RAMPs is necessary and sufficient for cell surface expression of the CaSR (254). The physiological significance of these interactions has not been elucidated in all cases. However, there is evidence indicating that they are physiologically relevant. For example, in mice heterozygous for Ramp2, there is reduced CRF responsiveness to release ACTH, suggesting that RAMP2 interaction with CRF 1 R is of physiological significance (250) .
It is interesting to note that a coreceptor structurally and functionally related to RAMPs, termed RAMP-like triterpene glycoside receptor (RL-TGR), has been cloned in zebrafish that is suggested to be involved in generating signaling to triterpene glycosides, deterrent compounds isolated from marine sponges to defend them from predation (255) . RL-TGR interacts with ␤ 2 -AR as demonstrated by coimmunoprecipitation, and ␤ 2 -AR induces the trafficking of RL-TGR from the cytoplasm to the plasma membrane (255), the same way as RAMPs trafficking from the cytosol to the plasma membrane when coexpressed with any interacting GPCRs. The GPCR that interacts with RL-TGR has not been identified in the fish.
Specific chaperones for chemosensory receptors
There are three chemosensory receptors in mammalsthe odorant receptors, the taste receptors, and the pheromone receptors. All three types of receptors are difficult to be expressed on the cell surface in heterologous cell lines (61, 256, 257) , with only occasional cells expressing the receptor at the cell surface (258). We describe below the different strategies of the three types of chemosensory receptors used for achieving cell surface expression.
The Nobel Prize-winning work of Axel and Buck on the cloning of the large family of ORs (259 -261) represents a major breakthrough in the studies of olfaction. In humans, there are about 400 ORs, and in rodents there are about 1000. Most of these receptors remain orphan receptors. The studies on these receptors have been very difficult because they are barely expressed on the cell surface when expressed heterologously in most of the cell types frequently used for functional studies of GPCRs. Different strategies were used to artificially increase the plasma membrane expression, including N-terminal extension by the addition of an N-terminal fragment of rhodopsin (262, 263) or the addition of an N-terminal cleavable signal sequence (264, 265) (reviewed in Ref. 266) . In mature cells of the OR neuron lineage, the ORs are expressed at the plasma membrane (157, 267, 268) . It seems that the accessory proteins that allow the ORs to be trafficked to the plasma membrane are expressed only in mature olfactory sensory neurons. These accessory proteins regulate the exit of the ORs from the ER as well as the further trafficking from post-Golgi compartments to the plasma membrane of the olfactory cilia where the receptors are exposed to odorants. Several specific chaperones for these receptors have been cloned.
In the nematode Caenorhabditis elegans, odr-4 encodes a type II membrane protein expressed exclusively on intracellular membranes of chemosensory neurons in the cell body and dendrites, but not at the plasma membrane (269) . ODR-4 is located in the ER, Golgi apparatus, and transport vesicles, with its C-terminal hydrophobic tail predicted to be a TM anchoring the protein into a subcellular membrane. ODR-4 promotes the trafficking of the OR ODR10 to the cell surface in chemosensory neurons, likely affecting folding, sorting, or targeting, with the acidic residues in ODR-4 interacting with the basic residues in the ICLs of the ORs. Mutation in odr-4 results in intracellular retention of ODR10. Further analysis showed that odr-4 is required for correct localization of a subset of ORs (269) . ODR-4 also promotes the trafficking of rat OR U131 in the olfactory cell line odora and CHO cells to the plasma membrane (157) .
Single pass transmembrane proteins specifically expressed in olfactory neurons named receptor-transporting protein (RTP), including RTP1 and RTP2, act as chaperones to promote functional cell surface expression of the ORs expressed in heterologous cells such as HEK293T cells, hence signaling responses to odorants (270) . Coimmunoprecipitation experiments showed that RTPs associate with the ORs. When expressed together, the accessory proteins, including RTP1S (a short form of RTP1 that is more effective at promoting cell surface expression of the ORs than RTP1), Ric8B (resistance to inhibitors of cholinesterase 8B, a putative guanine nucleotide exchange factor specifically expressed in mature olfactory neurons that has been shown to promote functional expression of the ORs [271, 272] ), and G␣ olf (the heterotrimeric olfactory-specific G protein), exert synergistic effects on the cell surface expression of the ORs with enhanced OR responses (273) . Ric8 proteins (including Ric8A and Ric8B) have been shown to be molecular chaperones required for the initial association of nascent G␣ subunits with cellular membranes (274) but do not increase the cell surface OR numbers (271) . Both Ric8A and Ric8B enhance OR-mediated signaling (191, 271) . Another protein, REEP1 (receptor expression enhancing protein 1), has similar but weaker effects than RTPs (270). Recently, it was shown that some REEPs selectively enhance the cell surface expression of other difficult-to-express GPCRs (275) .
Molecular chaperones can also regulate the biogenesis of GPCR heterodimers. RTP4, a Golgi chaperone, protects the MOR-DOR heterodimers from ubiquitination and degradation, leading to increased plasma membrane heterodimer levels and increased signaling activity (276) . Because the pharmacological properties of the heterodimers are different from either the MOR or DOR homodimers, these important findings suggest that RTP4 can modulate the pharmacology of their endogenous ligands (276) .
Another strategy to increase the cell surface expression of ORs is through coexpression of another GPCR. In Drosophila, Or83b is a ubiquitously expressed OR and is highly conserved between insect species (64 -88% amino acid identity). Two studies showed that Or83b might be an atypical OR essential for the function of most of the other conventional ORs through heterodimerization with the other ORs (277, 278) . In the mammalian system, heterodimerization with the ␤ 2 -AR (but not any of the other eight subtypes of ARs) leads to increased cell surface expression of OR M71 in heterologous cells (279) .
Mammals sense five tastes: sweet, bitter, sour, salty, and umami. The sensing of sweet, bitter, and umami is mediated by GPCRs, whereas that of sour and salty is not (280) . Three subtypes of taste receptors have been cloned in the taste buds: first the T1R1 and T1R2 (281) , and then the T1R3 independently by six groups (282-287). They are all members of family C GPCRs. When these candidate taste receptors are individually expressed in heterologous cells, they do not respond to sweet stimuli. However, when the T1R3 is coexpressed with the T1R2, a robust response to sweet stimulants including saccharin, sucrose, and other sweet tastants is obtained, suggesting that heterodimerization between the two subtypes of taste receptors is required for the formation of functional sweet taste receptors (286, 288) . T1R1 and T1R3 heterodimerization results in a functional receptor responsive to amino acids and monosodium glutamate, the so-called umami taste (umami means "delicious flavor" in Japanese), with the human heteromer selectively tuned to detect glutamate, and that of the mouse sensing all amino acids with similar affinity (288, 289) . Studies in knockout mice demonstrate that indeed formation of the T1R1 and T1R3 heterodimer is needed for umami sensation (290) .
Depending on the species, there are about 30 members of T2Rs that mediate the bitter taste; it has been shown that they are necessary and sufficient for bitter sensing (280, 291) . Unlike the T1Rs, the T2Rs do not have long N termini and are not members of family C GPCRs; they are distantly related to opsins. These receptors are also difficult to express on the cell surface (291) . However, the mechanism and accessory factor(s) mediating their expression at the plasma membrane in vivo have not been elucidated. Most of the T2Rs are expressed in each bitter sensing cell (292) (293) (294) . Whether heterodimerization between the different T2Rs promotes forward trafficking remains to be investigated.
The V2Rs expressed in vomeronasal organ are not related in sequence to the ORs expressed in the main olfactory epithelium. In mouse vomeronasal organ, one or a few members of the M10 family of major histocompatibility complex (MHC) class Ib that share about 50% sequence identity to classical MHC molecules are specifically coexpressed with a given V2R. In vomeronasal organ sensory dendrites, M10s, pheromone receptors, and ␤2-microglobulin (a binding partner for MHC class I proteins) associate to form a large complex. In vitro, M10s promote V2R trafficking to the cell surface; the V2R is not expressed on the cell surface in cells lacking M10s (295) . Crystal structure revealed how M10s, rather than presenting MHC-binding peptides, by binding to the V2Rs, might act as molecular chaperones to the V2Rs promoting their forward trafficking (296) (reviewed in Ref. 297) , although the exact role in folding, cargo sorting, vesicle transport, and vesicle fusion is unknown. In humans, there is no homolog of M10s, and most of the human pheromone receptor genes have been pseudogenized (298).
Specific chaperones for GABA B1 receptor
The principal inhibitory neurotransmitter in the mammalian central nervous system, GABA, exerts its effects through both inotropic (GABA A/C ) receptors that produce fast synaptic inhibition and metabotropic (GABA B ) receptors that produce slow but prolonged inhibitory signals. GABA A receptors are ion channels, whereas GABA B receptors (GABA B Rs) are GPCRs.
When two GABA B1 R splice variants generated from alternative splicing of a single gene, resulting in different N termini, were first cloned and expressed in vitro, 150-fold lower affinity for agonists compared with native GABA B Rs was observed, and coupling to certain effector systems was difficult to measure (299) . Another study showed that in heterologous cells or cortical neurons, GABA B1 Rs are retained in the ER and fail to reach the cell surface (300). Very quickly, several groups reported the cloning of a second GABA B R, GABA B2 R (301-305). These studies showed that when the two GABA B Rs, GABA B1 R and GABA B2 R, are coexpressed, they form a heterodimer, and the GABA B1 R is now expressed as a mature receptor on the cell surface that can bind to GABA and generate second messenger as expected.
Further studies showed that there is an ER retention motif at the C terminus of the GABA B1 R (RSRR) that can be masked by the GABA B2 R upon heterodimerization via the C-terminal coiled-coil ␣-helices (306) . Chimera of GABA B2 R containing the entire C-terminal tail of GABA B1 R is retained in the ER when expressed alone (307) . The GABA B2 R can be expressed on the cell surface when expressed alone but cannot bind to GABA. In this context, the GABA B2 R serves as a specific chaperone for the GABA B1 R, escorting the trafficking of the GABA B1 R from the ER to the cell surface. It should be mentioned that the intracellular domains of the GABA B2 R are also necessary for G protein coupling and receptor signaling, whereas the intracellular domains of the GABA B1 R are not (308) .
In vivo, these receptors are coexpressed. In native brain membranes, homodimers of GABA B1 Ra, GABA B1 Rb, or GABA B2 R cannot be detected; all GABA B2 R protein forms heterodimeric complexes with either the GABA B1 Ra or the GABA B1 Rb, demonstrating that almost all GABA B Rs are heterodimers in situ (309) . These studies demonstrating that the GABA B Rs are obligatory heterodimers in vivo are extremely important in solidly establishing the concept that GPCR dimerization/oligomerization is not an artifact (310), confirming our study three decades ago suggesting that GnRHR dimerizes before the cloning of the receptor or knowing that it is a GPCR (311) . Numerous other examples for regulation of GPCR cell surface expression through heterodimerization with another GPCR have (312, 313) . Coexpression of the GABA B2 R increases CaSR cell surface (and total) expression whereas coexpression of the GABA B1 R decreases CaSR cell surface (and total) expression. GABA B1 R-null mice have increased CaSR plasma membrane expression. Colocalization of the CaSR with the GABA B1 R and GABA B2 R in neurons and growth-plate chondrocytes are observed (312, 313) , suggesting that the interactions may have physiological relevance. The mGluRs are also family C GPCRs. They have also been shown to interact with the CaSR by coimmunoprecipitation (314) . The CaSR is colocalized with the mGluRs in specific populations of neurons in the brain. Heterodimerization with the mGluR1␣ does not affect the CaSR surface expression, but heterodimerization with mGluR5 increases surface expression of the CaSR (314) . For a comprehensive review on the dimerization of family C GPCRs, please refer to the article by Pin et al (315) .
The adenosine A 2B receptor is poorly expressed on the cell surface. Both in vitro and in vivo experiments showed that the A 2A receptor increases surface expression of the A 2B receptor: cotransfection of the A 2A receptor with the A 2B receptor enhances surface expression of the A 2B receptor through the F(X)(6)LL motif in the C terminus of the A 2A receptor; significantly lower levels of splenocyte A 2B receptor signaling in A 2A receptor-null mice, compared to those in WT mice, are observed (63) . In a similar vein, the ␣ 1D -AR is poorly expressed at the cell surface. Both ␤ 2 -AR and ␣ 1B -AR can heterodimerize with the ␣ 1D -AR and act as chaperones escorting ␣ 1D -AR to the cell surface (316) . Heterodimerization of mouse OR M71 with ␤ 2 -AR (but not any other AR subtypes) leads to dramatically increased M71 expression at the cell surface transfected in HEK293 cells and signaling response (279) . Coimmunoprecipitation experiments showed that the two receptors interact and they internalize together when stimulated by the respective ligands. In vivo, the two receptors are colocalized in mouse olfactory epithelium (279) . In a follow-up study, potential interaction of 42 distinct GPCRs with M71 was examined. The vast majority of these receptors do not affect M71 expression at the plasma membrane. Only three subtypes of purinergic receptor dramatically increase M71 expression at the plasma membrane (317) . One OR in Drosophila, Or83b, also likely acts a chaperone for the other odorant receptors through heterodimerization to escort them to the dendrites (277) .
These are just selected examples of GPCR heterodimerization affecting anterograde trafficking. Single transmembrane splice variant can even heterodimerize with the full-length MOR, decreasing the ERAD of the full-length receptor (318) . It should be mentioned that other functions of GPCR heterodimerization have been described in the literature, including receptor binding, signaling, internalization, and desensitization. Interested readers are referred to several recent articles (154, 319 -323) .
Specific chaperones for melanocortin-2 receptor
Of the five subtypes of MCRs, MC2R, the classical ACTH receptor, is unique in that it is not possible to express it at the cell surface in cell lines frequently used for expressing GPCRs, such as HEK293 or CHO cells. The MC2R expressed in these cells are retained in the ER (324) . Only adrenal cell lines such as Y6/OS3 or cells expressing endogenous MCRs such as melanoma cells that express MC1R endogenously can be used to express the MC2R (324) . These results suggest that corticoadrenal cells express protein(s) that help the nascent MC2R to fold and traffic to the plasma membrane. This is consistent with the fact that mutations in the MC2R gene only account for about 25% of familial glucocorticoid deficiency syndrome cases. Mutations in other genes, such as the hypothetical chaperone, might be responsible for some of the other cases. Indeed, using SNP array genotyping, Clark and colleagues (325) showed that mutations in a gene encoding a 19-kDa single-TM protein that they named melanocortin 2 receptor accessory protein (MRAP) cause type 2 familial glucocorticoid deficiency syndrome. MRAP interacts with the MC2R to enhance the trafficking of the MC2R from the ER to the plasma membrane (325) .
Originally cloned from adipocytes and named fat tissue-specific low molecular weight protein, MRAP in humans exists as two alternatively spliced isoforms, with the same N terminus but different C termini (326) . It has a putative TM and strictly localizes at a compact perinuclear membrane compartment (326), likely ER. Subsequent experiments showed that MRAPs form antiparallel homodimers and the homodimers associate with the MC2R promoting its cell surface targeting (327) . The enhancement of cell surface expression is specific because MRAP does not increase surface expression of the ␤ 2 -AR and the TRHR (327) . Similar to RAMPs, in addition to its role in forward trafficking, MRAP is also involved in MC2R binding to ACTH and subsequent signaling (328) .
Interestingly, MRAP also interacts with the other four subtypes of MCRs, changing their cell surface expression, signaling, and dimerization (327, 329 -333) , consistent with expression of MRAPs outside of the adrenal gland and additional physiological roles of these proteins (332) . For example, ligand-induced signaling at human MC1R (334, 335) . These MRAPs promote the cell surface expression of the zebrafish MC2R. Interaction of MRAP2a with the MC4R leads to decreased ability of the MC4R to bind to the endogenous agonist ␣-MSH and increased growth during larval development, whereas the interaction of MRAP2b with the MC4R leads to increased sensitivity to ␣-MSH and enhanced signaling (335) . Clinical relevance of MRAP2 interaction with the MC4R was demonstrated by mutations in MRAP2 as a potential cause for severe earlyonset obesity (336).
Specific chaperones for other receptors
In addition to the extensively studied receptor-specific chaperones described above, there are several other examples of chaperones for one or a few specific GPCRs. Below we provide a brief summary of these studies.
Glutathione S-transferase pull-down and yeast two-hybrid assays showed that an ER-membrane protein, DR interacting protein of 78 kDa (DRiP78), binds to a hydrophobic motif (FxxxFxxxF) at the proximal C terminus in Helix 8 (which serves as an ER export signal) in D 1 DR (53). DRiP78 has two centrally located TMs with both the N and C termini located in the cytosol. Either overexpression or sequestration of DRiP78 leads to D 1 DR retention in the ER and delay in receptor glycosylation and maturation, suggesting that DRiP78 is a chaperone for D 1 DR with a dual function, promoting folding by regulating its ER export by binding to the hydrophobic ER export signal, as well as playing a role in quality control (53) . The M 2 muscarinic receptor and AT 1 R seem to be similarly regulated by DRiP78 (53, 337) . Coexpression of DRiP78 with the WT AT 1 R increases receptor plasma membrane expression but has no effect on the plasma membrane expression of the mutant receptors when the aromatic residues are mutated to alanine and interaction with DRiP78 is disrupted (337) .
A member of the 4.1 family of cytoskeletal proteins enriched in neurons, protein 4.1N, specifically interacts with the D 2 and D 3 DRs, as shown by yeast two-hybrid assay, glutathione S-transferase pull down, and coimmunoprecipitation (338) . They are colocalized at the plasma membrane. Overexpression of a protein 4.1N truncation fragment decreases the cell surface D 2 and D 3 DR expression, suggesting that protein 4.1N is involved in the localization or stability of DRs at the plasma membrane (338) . Whether the interaction between the DR and protein 4.1N starts in the ER is not known.
CD4 and CCR5 associate to form the main receptor for HIV infection. In primary T lymphocytes and in a monocytic cell line, the CCR5 is expressed at low density on the cell surface, with the majority retained intracellularly (339) . In the ER, CD4 specifically associates with the CCR5, promoting CCR5 export out of the ER and trafficking to the plasma membrane. This effect was specific for the CCR5 because CD4 does not affect cellular distribution of the CXCR4, the other HIV coreceptor (339).
C. Small G proteins in the folding and maturation of G protein-coupled receptors
The Ras-like small GTPase proteins, Rabs, are essential for vesicle transport, with each member (numbering more than 60) associated specifically with a particular organelle or pathway. For example, Rab1 is involved in vesicle transport between the ER and Golgi apparatus. In Drosophila, expression of dominant negative Rab1 blocks rhodopsin transport from ER, resulting in accumulation of immature rhodopsin (340) . Similar findings were reported for the AT 1 R, the AT 2 R, the ␤ 2 -AR, and the CaSR, but not the ␣ 2B -AR (341) (342) (343) (344) . Anterograde transport of Drosophila rhodopsin also requires GTPase function of Rab6 (a GTP binding protein that regulates vesicular trafficking within the Golgi and post-Golgi compartments) because expression of GTPase-defective mutant leads to dramatically reduced rhodopsin (345) . Rab8 is important for docking and fusion of rhodopsin-containing postGolgi membranes. Expression of mutant Rab8 in transgenic Xenopus rods causes cell death (346) . Rab8 also regulates ␣ 2B -AR and ␤ 2 -AR cell surface expression (347) . Rab11 is important for post-Golgi trafficking of rhodopsin (348) and recycling of thromboxane A 2 receptor (349) and ␤ 2 -AR (350). Rab26 also regulates Golgi to plasma membrane transport of the ␣ 2 -AR (351). An excellent recent review article can be consulted for detailed information on the regulation of forward trafficking of GPCRs by Rabs (352) .
Coated vesicles concentrate and package cargo molecules to efficiently transport the cargoes between different intracellular compartments. COPI (coat protein I) mediates the retrograde flow of proteins from Golgi to the ER, whereas COPII mediates the bulk of ER export for proteins of the secretory pathway (353) (354) (355) , including GPCRs. COPII comprises Sar1, Sec23/24, and Sec13/31. Continuous cycling of Sar1 through GTPase cycles facilitates cargo concentration before ER exit (356) . So far, very limited studies on the Sar1 regulation of GPCR anterograde trafficking have been reported. H79G Sar1 is a constitutively active Sar1 because GTP cannot be hydro-lyzed and there is no GDP/GTP exchange. Thus, in cells overexpressing H79G Sar1, COPII vesicles cannot be released from ER membrane (357) . Expression of H79G Sar1 significantly decreases the cell surface expression of ␣ 2B -AR, ␤ 2 -AR, and AT 1 R (358), and CaSR (343) . Knocking down Sar1 expression also decreases the CaSR cell surface expression (343) . These results suggest that Sar1 is involved in ER export of GPCRs. Another member of small GTPases, ADP-ribosylation factor 6, is also involved in the exit of GPCRs from the ER (359, 360) .
Binding of cAMP to Epac (the exchange protein directly activated by cyclic AMP) increases the rate of exchange of GTP for GDP at Rap1 (Ras-related protein-1), therefore activating Rap1. Similar to incubation at low temperature, increasing intracellular cAMP levels with forskolin or activating Epac with an Epac activator, by activation of RhoA, reorganization of the actin cytoskeleton, and phosphorylation of filamin-2, promotes the translocation of ␣ 2C -AR from the Golgi to intracellular filaments and the plasma membrane (77, 361, 362) . These effects are mediated by Rap1 because they are not present in cells lacking Rap1, whereas constitutively active Rap1 mutant increases translocation of the ␣ 2C -AR to the cell surface (77).
V. Chemical Chaperones in the Folding and Maturation of G Protein-Coupled Receptors

A. Low temperature
Temperature is known to affect protein folding. Decreasing the temperature used to culture cells has been shown to improve protein folding. Decreasing temperature to 30°C from 37°C usually used in culturing cells increases the maturation of temperature-sensitive, misfolded vesicular stomatitis virus G proteins (363) . For the most common CFTR (cystic fibrosis transmembrane conductance regulator) mutation, ⌬F508, channel activity can be measured when the mutant CFTR is expressed in Xenopus oocytes and Sf9 insect cells, which are usually maintained at lower temperatures than mammalian cells, although no channel activity is observed when it is expressed in mammalian cells cultured at 37°C. When the cell culture temperature was decreased, ⌬F508 processing was similar to the WT CFTR (364) .
In GPCRs, similar observations were made with a number of receptors. For example, incubating cells at 26°C for 48 hours markedly increases the cell surface expression of intracellularly retained human LHR mutants (365) . Similar data have also been obtained in AVPR2 in one study (366) , although in another study, growing cells at 27°C does not change cell surface expression of any of the nine mutants studied (367) . The reason for this discrepancy is not clear at present. The GCGR mutation that causes Mahvash disease, P86S, is retained in the ER; incubation of the mutant receptor at 27°C promotes the normal processing and plasma membrane expression (368) . The ␣ 2C -AR can be efficiently expressed in some neuroendocrine cells such as PC12 and AtT20 cells. However, it is retained in the ER and cis/medial Golgi in fibroblasts (369, 370) . Exposure of fibroblasts expressing the ␣ 2C -AR to low-temperature (28°C) facilitates receptor transport to the plasma membrane (370) , likely by releasing the inhibitory activity of HSP90 on the receptor traffic (200) . In summary, low temperature culture has variable effect on cell surface expression of mutant receptors, with the majority reporting positive effects on promoting forward trafficking. Obviously, this is not a realistic therapeutic option for patients.
B. Chemical chaperones
Chemical chaperones are small, low molecular weight chemicals that can facilitate protein folding. Examples of chemical chaperones are osmolytes such as glycerol, solvents such as dimethyl sulfoxide (DMSO), methylamines such as trimethylamine-N-oxide (TMAO), and fatty acids such as 4-phenylbutyric acid (4-PBA) (371). They promote protein folding through several different mechanisms, including solvating hydrophobic regions and preventing aggregation of folding intermediates by glycerol and DMSO, modulating ER calcium levels by thapsigargin, and changing expression levels of endogenous molecular chaperones by PBA (372) .
A number of chemical chaperones have been used to study the potential rescuing effect on misfolded GPCRs. In one report, correction of cell surface expression of nine naturally occurring AVPR2 mutations by chemical chaperones was studied. Only one mutant, V206D, has improved maturation and plasma membrane expression by glycerol, DMSO, thapsigargin/curcumin, and ionomycin (367) . This revealed that rescue is mutant specific and that this mutant is prone to rescue by multiple compounds (367) . Another study showed that all three AVPR2 mutations are corrected by DMSO and TMAO (366) . None of the four chemical chaperones tested, including DMSO, TMAO, PBA, and trehalose, promotes the translocation of P23H rhodopsin to the plasma membrane (371) . The osmotic chemical chaperones are not effective at rescuing P86S GCGR mutation either (368) .
In the MC4R, PBA was shown to partially increase the cell surface expression of three naturally occurring mutations, P78L, I316S, and I317T, with increased signaling capacity of the rescued mutants (373) . PBA decreases the misfolding of the mutant receptors, with decreased proportion of ubiquitinated receptors and decreased ER stress. Indeed, PBA and proteasome inhibitor cotreatment doi: 10.1210/er.2013-1121 edrv.endojournals.orgleads to further increase in cell surface expression of mutant receptor. PBA also increases the cell surface expression of the WT MC4R (373), consistent with our data on pharmacoperone, suggesting that the WT MC4R is not folded optimally (374) (see Section VI.D.). In summary, chemical chaperones are nonspecific modulators of protein folding. Their effects on correcting mutant receptors are variable and generally less effective than pharmacoperones (see Section VI.). Because of the lack of specificity, the extremely high concentration needed, and the associated significant side effects, the clinical utility of chemical chaperones is very limited.
VI. Pharmacoperones in the Folding and Maturation of G Protein-Coupled Receptors
A pharmacoperone (pharmacological chaperone or pharmacochaperone) is a small molecule that enters cells and serves as a "molecular scaffold" to promote correct folding of otherwise misfolded mutant proteins within the cell (375, 376) . It "is a small molecule that stabilizes a protein by binding, as either a substrate, agonist, antagonist, or allosteric modulator, at a physiologically relevant site on the target protein, but the binding primarily occurs within an organelle and usually during biosynthesis and trafficking of the target protein" (377) . Misfolded proteins are frequently retained by the cellular ER quality control system, do not reach their normal site of function (378, 379) , and may result in disease (380) . Pharmacoperones can rescue misfolded proteins and restore them to function, which is a potentially useful therapeutic approach when the target is a misfolded/misrouted protein. One could envision drugs given in a prophylactic manner (in vitamins, for example) that prevent the misfolding that leads to neurodegenerative disorders such as Alzheimer's (misfolded amyloid) (381), Parkinson's (misfolded ␣-synuclein) (382) , and cataracts (misfolded lens crystalline) (383) . In this regard, diseases may be prevented before clinical signs are present.
Pharmacoperone rescue potentially applies to a diverse array of human diseases that result from misfolding. These include cystic fibrosis (384, 385) , drug resistance (386), hypercholesterolemia (387) , long QT syndrome (388), cataracts (389) , neurodegenerative diseases such as Alzheimer's, Huntington's, and Parkinson's (390 -393), cancer (394), ␣1-antitrypsin deficiency (395, 396) , lysosomal storage diseases such as Fabry, Gaucher, Pompe, and Schindler/Kanzaki disease (397-400), psychotic disorder and depression (377, 401, 402) , mucopolysaccharidosis type IIIC (403) , methylmalonic aciduria cblB type (404) , phenylketonuria (405, 406) , infantile Batten disease (407) , and many others (for recent reviews, see Refs. 372, 377, 408, and 409) . With CFTR, VX-809 developed by Vertex Pharmaceuticals has been shown to partially correct the processing defect of the most common mutation, ⌬F508, in vitro (410) . The mutant CFTR rescued by VX-809 has similar biochemical and functional characteristics as the WT CFTR (410) . Despite its high efficacy and selectivity in vitro, data from the clinical trial have not been very promising, with improvement in CFTR function in sweat gland but not in nasal epithelium (411) .
We will detail below studies directed against diseases caused by GPCR mutations including hypogonadotropic hypogonadism, nephrogenic diabetes insipidus (NDI), retinitis pigmentosa, and obesity. Science writers commenting on these studies have observed that rescue with pharmacoperones is a viable "alternative to gene therapy" because it serves as a means of "skirting gene therapy to correct genetic defects" (412, 413) . This view is supported by the consideration that correction of defective protein folding appears significantly less challenging than replacement of a defective gene (or gene product) by a perfect one. The quality control system is not protein-specific; it recognizes general aspects of misfolding (eg, exposure of hydrophobic plates in aqueous environments), frequently with relatively low affinity. Accordingly, GPCRs that retain ligand binding and effector coupling but are recognized as misfolded by such general criteria are often retained in the ER. Their rescue with pharmacoperones leads to proper folding, passage through the quality control system, restoration to the proper site, and return of function. In the case of certain proteins (eg, the GnRHR, AVPR2, rhodopsin, and MC4R), this approach has succeeded with a striking number of different mutants, supporting the view that pharmacoperones will become powerful weapons in our therapeutic arsenal (108) . Figure 6 illustrates schematically how pharmacoperone works.
A. Pharmacoperones for the gonadotropin-releasing hormone receptor
The GnRHR resides in the pituitary gonadotropes and is responsible for producing responses to hypothalamic GnRH, such as the release of the gonadotropins, LH and FSH. Mutation in GNRHR causes hypogonadotropic hypogonadism ( Table 1 ). The human GnRHR has been a central focus of drug development and understanding the mechanism of GnRH action. These studies have already led to useful drugs (agonists and antagonists). Because this target is causally and mechanistically associated with pathophysiological responses, intervention with pharmacoperones is a valuable therapeutic approach.
Pharmacoperones may also have uses in other diseases associated with the GnRHR. For example, GnRHR is ex-pressed in virtually all melanomas, about 80% of human endometrial and ovarian cancers, and about 50% of breast cancers including triple-negative breast cancer, as well as bladder, colorectal, and pancreatic cancers; sarcomas; lymphomas; prostatic cancers; and renal cell carcinomas (414) . For these cells, GnRH agonists are negative regulators of cancer growth. For example, activation of the GnRHR by exogenous agonists inhibits the proliferation of melanoma growth both in vitro and in vivo, indicating a direct antitumor activity of this class of compounds. Additionally, toxins conjugated to GnRH agonists are effectively targeted to melanoma cells where they show antiangiogenic, antimetastatic, and antioncogenic behavior (414 -419) . When GnRHR agonists or GnRH-toxin conjugates are used to treat melanoma, it is desirable to use the lowest dose consonant with therapeutic response so as to limit side effects (ie, androgen deprivation due to pituitary desensitization or nonspecific actions of the toxins). Pharmacoperones increase trafficking of the WT human GnRHR to the plasma membrane, a process that is otherwise about 50% efficient (ie, about 50% is retained in the ER). Because selectively increasing the number of melanoma GnRHRs also increases the sensitivity of these cells to GnRH agonist, we expect that pharmacoperones will increase the sensitivity of these cells to GnRH agonist treatment, as well as to the toxin-GnRH conjugates. An additional use involves a subset of infertile women with suboptimal responses to GnRH, suggesting a low plasma membrane expression of GnRHR (420, 421) . This is a candidate target for increased expression of WT GnRHR by pharmacoperones.
Mutant GnRHR E90K has been a model mutant for the study of pharmacoperones in this system. This mutant causes human hypogonadotropic hypogonadism and has been recreated in mice, where it has a similar effect (422, 423) . Modeling studies for the human GnRHR and experimental data support the view that the E90-K121 salt bridge is a fundamental and evolutionarily conserved determinant required for correct protein trafficking to the plasma membrane in all mammals examined (424 -426) . This bridge links TM2 to TM3. Because this salt bridge is a requirement for correct routing, mutation E90K results in a routing defect in both mouse and human GnRHRs (427, 428) . This leads to full but pharmacoperone-rescuable ER retention (376) and the predicted phenotype in humans (429) and mice (422) . We described the molecular and biochemical mechanism of action of pharmacoperone ac- edrv.endojournals.orgtion in human GnRHR mutants (424, 430, 431) and showed that pharmacoperones that rescue one mutant also rescue the other mutants, although the mutations are not proximal to each other (432) . Two additional observations are important because these extend the therapeutic potential of these drugs. First, pharmacoperone drugs need not be present at the time of protein synthesis, but can rescue ER-retained proteins that have already accumulated (433) . This observation increases the therapeutic reach, because misfolded mutants need not be (first) degraded and then replaced by newly synthesized protein (ie, the portion synthesized in the presence of pharmacoperone). In addition, whereas pharmacoperones are specific for individual proteins, those that rescue one mutant of an individual protein typically rescue most mutants of the same protein, likely by stabilizing a core region that makes the protein acceptable to the quality control system of the cell. This observation improves the therapeutic reach of these drugs (108, 432, 434) because each mutant of an individual protein will not require a separate drug.
We recently extended these in vitro findings to in vivo in knock-in mice with E90K mutant GnRHR. We showed that pulsatile administration of the pharmacoperone IN3 to these mice rescues the E90K mutant receptor from ER to the plasma membrane, and the rescued receptor can respond to the endogenous ligand, GnRH, resulting in restored steroidogenesis and spermatogenesis (423) (Figure 7) . These exciting findings suggest that pharmacoperone therapy may indeed be used to treat disorders that can benefit from increased cell surface expression of GnRHR as described above in this section.
B. Pharmacoperones for the arginine V2 vasopressin receptor
Mutations in AVPR2 gene cause X-linked NDI because the AVPR2 gene is located at Xq28 (435) . A recent tabulation included 222 mutations, of which 138 are missense or nonsense mutations (436) . Most of these mutations are Class II mutations that are retained intracellularly, primarily in the ER but also in some other organelles such as Golgi apparatus.
One of the first demonstrations of pharmacoperones in GPCRs was provided by Bouvier's group (434) in AVPR2. In this study, eight Class II mutant AVPR2s were treated with selective, nonpeptidic AVPR2 antagonists and then measured for cell surface expression and signaling. The antagonists dramatically increase cell surface expression and signaling of the AVPR2 mutants. Peptide AVPR2 antagonists cannot mimic these effects or block the effect of the small molecule ligands, suggesting that the site of action is intracellular (however, cell-penetrating peptides can be used to correct mutants that can reach post-ER compartments) (437) . This study demonstrates that small cell-permeable ligands can act as pharmacoperones, promoting the folding, maturation, and cell surface expression of mutant receptors that are otherwise retained intracellularly (434) . Pharmacoperones act post-translationally (438) . Pharmacoperone does not prevent ␤-arrestin-mediated constitutive endocytosis and stabilization of the receptor at the cell surface in another AVPR2 mutant, R137H; rather, it acts by promoting maturation and cell surface trafficking (439) . Comparison of several antagonists suggests that ligands with higher affinity are better therapeutics (440) . However, there is a trade-off between the affinity and the ease of release from the receptor once it has reached the cell surface (so the endogenous agonist can activate the receptor) (436) .
Subsequently, agonists were also shown to act as pharmacoperones promoting maturation and subsequent signaling of mutant AVPR2s (441) . Other cell-permeable agonists can initiate signaling of intracellular receptor without promoting cell surface expression of the mutant receptors (442, 443) and, therefore, should not be considered as pharmacoperones.
Importantly, the first clinical trial of GPCR pharmacoperones was done in NDI patients with Class II AVPR2 mutations. The five patients treated with the pharmacoperone SR49059 had significantly decreased water intake and urine volume and increased urine osmolality (444) . Due to side effects, this strategy was not pursued further. However, other pharmacoperones with fewer side effects have the potential of treating the NDI patients with Class II AVPR2 mutations. The recently approved cellpermeable AVPR2 antagonist OPC41061 (Tolvaptan) for treating hyponatremia in the syndrome of inappropriate antidiuretic hormone secretion and congestive heart failure has a good safety profile, is an effective pharmacoperone at clinically feasible concentrations, and can be used in future clinical trials for treating NDI patients with Class II AVPR2 mutations (443) . Different from its action as an antagonist in treating patients with the syndrome of inappropriate ADH secretion, for treating NDI patients, Tolvaptan could rescue the mutant AVPR2 to the cell surface, which can then be activated by endogenous or exogenous vasopressin. Therefore, paradoxically, "antagonists come to the rescue" (445).
C. Pharmacoperones for rhodopsin
Rhodopsin is a unique GPCR with the inverse agonist 11-cis-retinal, a vitamin A derivative, covalently bound to the apoprotein, opsin. Vitamin A supplementation in two lines of transgenic mice-one expressing the folding defective mutant T17M, one expressing the mutant with no significant in vitro defect P347S-showed that mice expressing T17M slow the decline of electroretinogram amplitude and improved photoreceptor morphology, whereas no effect on photoreceptor degeneration is observed in P347S mice (446) . In vitro, treatment of 11-cisretinal partially alleviates the instability defect of the T17M mutant, whereas P347S is not corrected (446) . Similar correction was observed in transgenic Xenopus laevis expressing P23H rhodopsin that is defective in forward trafficking (447) . Cell surface expression of P23H, but not K296E, is increased by 9-cis-retinal (448) .
Kaushal and colleagues (449) showed that 11-cis-7-ring retinal, an 11-cis-retinal analog with a seven-membered ring, acts as a pharmacoperone that quantitatively induces the in vivo folding of the most common folding defective rhodopsin mutation, P23H. After 11-cis-7-ring retinal treatment, P23H rhodopsin can exit the ER, can acquire mature glycosylation, and is transported to the cell surface, suggesting that 11-cis-7-ring retinal may be used to prevent retinal degeneration for patients with P23H mutation (449) . Further studies showed that 9-and 11-cis-retinal also act as pharmacoperones in correcting the P23H mutation (450) (again, 11-cis-retinal is the inverse agonist that is covalently linked to the apoprotein opsin forming rhodopsin). P23H rhodopsin levels are increased by 5-or 6-fold when treated with 9-or 11-cis-retinal, respectively. Retinal promotes ER export and cell surface transport of mutant rhodopsin. Data from additional experiments suggest that retinal binds to P23H opsin in the ER and stabilizes the protein to facilitate its folding and forward trafficking (450) . When multiple mutants were tested, it was shown that the degree of correction is higher in mutants with less severe misfolding (451).
D. Pharmacoperones for the melanocortin-4 receptor
The MC4R is a critical regulator of energy homeostasis, regulating both food intake and energy expenditure (452) . Several functional studies of naturally occurring MC4R mutations showed that defect in cell surface expression is the most common cause for loss of function. In a recent study of 20 mutations, we showed that 11 are severely defective in cell surface expression (453) . We first showed that a small molecule MC4R antagonist, ML00253764, has pharmacoperone activity in two naturally occurring mutations identified from Italian patients (374) . In HEK293 cells stably expressing C84R or W174C human MC4R, treatment with 10 Ϫ5 M ML00253764 for 24 hours lead to increased cell surface expression (at approximately 35% of the WT receptor), and the rescued mutants are functional in responding to agonist stimulation (up to 80% of the WT receptor response) (374) . We subsequently showed that ML00253764 also increases cell surface expression of several additional naturally occurring MC4R mutations (452). Bouvier's group (454) reported that five other MC4R ligands also act as pharmacoperones. Ten MC4R mutations were studied, and the five molecules used have distinct efficacy profiles for the different mutations (454) . One pharmacoperone restores function to most of the mutant receptors tested (454) . Recently, four related compounds were identified that can increase the expression of three intracellularly retained mutant MC4Rs at the plasma membrane, with V50M and S58C showing some signaling response (455) . The three mutants have 40 -80% surface expression of the WT receptor. Whether these compounds can affect trafficking of more severely misfolded mutants is not clear, and the chemical structures of these compounds were not disclosed.
Very recently, Baldini and colleagues (94) devised a clever strategy to deliver the endogenous agonist ␣-MSH to the ER. They showed that the cell surface expression of a naturally occurring mutation, I316S, which is normally retained in the ER, is increased by the ER-delivered ␣-MSH (94). Therefore, a peptide agonist can act as a pharmacoperone if it can be delivered into the ER where it can interact with the misfolded receptor.
We initially showed that the cell surface expression of WT MC4R is also increased with pharmacoperone treatment (374) . This observation has two important implications. One is that the maturation of WT MC4R is not optimal, consistent with the fact that intracellular staining of the WT MC4R in stably transfected cells is frequently observed (127, 456) . Secondly, because the amount of cell surface expression is tightly coupled to regulation of energy homeostasis, with haploinsufficiency being the cause of genetic obesity in patients harboring MC4R mutations, the pharmacoperones that can increase the WT MC4R surface expression can also conceivably be used to treat obese patients without MC4R mutations (374) . Subsequent studies confirmed that the other compounds identified as pharmacoperones also increase the WT MC4R maturation (454, 455) .
Mutations in the related MC3R that are potentially related to human obesity or adiposity also decrease cell surface expression (65, 152, 457, 458) with only rare exception (151) (reviewed in Ref. 150) . Whether pharmacoperones can be identified that can correct the defective forward trafficking in the MC3R remains to be investigated.
E. Pharmacoperones for other G protein-coupled receptors
Homozygous inactivating mutation in GCGR causes Mahvash disease (459) . Three lipophilic antagonists were shown to be able to partially rescue the mutant GCGR P86S to the cell surface (368) . Whether the rescued mutant is functional in responding to glucagon stimulation with increased cAMP production was not studied, although the mutants rescued using other strategies were shown to be functional (368) .
Treatment of cells expressing DP1 with a DP1 inverse agonist, MK-0524 (also known as laropiprant), lead to redistribution of DP1 from intracellular compartment to the plasma membrane, and this promotion of cell surface expression is blocked by brefeldin A, an inhibitor of transport from the ER-Golgi to the plasma membrane (460) , suggesting that MK-0524 promotes folding rather than 628 Tao and Conn Chaperoning G Protein-Coupled Receptors Endocrine Reviews, August 2014, 35(4):602-647 later processes such as trafficking through the Golgi apparatus. Several studies reported the rescue of CaSR mutants by pharmacoperones. Overnight treatment of cells expressing the WT or mutant CaSR with allosteric activator NPS R-568 increases plasma membrane expression and signaling (461, 462) . Of the 30 loss-of-function mutations studied, half are rescued with most of the rescued mutants attaining signaling capability (461, 462) . Some mutants are defective in ligand binding and/or signaling; therefore, despite trafficking to the cell surface after pharmacoperone treatment, there is still no ligand-stimulated signaling. In another study, NPS R-568 rescues signaling of four out of seven mutants, although the cell surface expression of the mutant receptors was not measured (463) . Recently, NPS R-568 was shown to rescue the signaling of two novel inactivating mutants without increasing cell surface expression levels (464) . The positive and negative allosteric modulators, cinacalcet and NPS-2143, respectively, also effectively rescue intracellularly retained mutants and restore signaling (465) .
In LHR, inactivating mutations result in hypergonadotropic hypogonadism. A small molecule allosteric agonist, Org 42599, was found to be able to rescue the cell surface expression of two naturally occurring mutations, A593P and S616Y, that are retained intracellularly, and activate the rescued receptors (466) . Org 42599 does not displace the binding of radiolabeled LH to the WT LHR but can activate the receptor; therefore, it is an allosteric agonist. Short-term treatment with Org 42599 also increases the activation of mutant receptors by the endogenous agonist, LH (466) . This class of chaperones might be especially useful for Class III mutations that disrupt the binding of (endogenous) ligand.
A number of AR agonists can stabilize the intracellular pool of ␤ 1 -AR, exhibiting pharmacoperone activity (467) . Pharmacoperones have also been identified in MOR (468) , -opioid receptor (469, 470) , DOR (206, 471) , MCHR1 (183), V 1a (472) and V 1b (473) vasopressin receptors, kinin B 1 receptor (474), adenosine A 1 receptor (475), leukotriene B4 type-2 receptor (476), and D 4 DR (477) . In some of these receptors, plasma membrane expression of both the WT and mutant receptors is increased by pharmacoperones, and both agonists and antagonists can act as pharmacoperones (Table 2 ).
F. Pharmacoperones as tools to study structure-function relationship of G protein-coupled receptors
Pharmacoperones can also be used as important tools for studying the structure-function relationship of GPCRs. Decreased or absent cell surface expression with mutant receptors is frequently observed. Pharmacological studies on these mutants could not be done. However, pharmacoperones can be used to treat these mutants to rescue them to the cell surface, and then the pharmacological properties of the rescued mutants could be studied. Using this strategy, we identified the first constitutively active mutation in the human GnRHR (425) . Before our study was published, although numerous GnRHR mutations were generated and studied, none was found to be constitutively active (109) . The human GnRHR mutant E90K that we have studied extensively is retained in the ER. When we rescued this mutant to the plasma membrane, we showed that the mutant is constitutively active (425) . The mutation breaks E90-K121 salt bridge destabilizing the TM2-TM3 association, suggesting that this salt bridge is involved in constraining the GnRHR in inactive conformation (425) .
Although most of the mutants rescued to the cell surface are functional, some mutants can be rescued to the cell surface efficiently but could not bind to the ligand and/or generate signaling, suggesting that additional defects in ligand binding or signaling exist in the mutant receptors. For example, we have found that G98R human MC4R can be rescued to the cell surface (452) , but no ligand-stimulated signaling can be measured (H. Huang and Y.-X. Tao, unpublished observations), suggesting that the mutant is also defective in ligand binding/signaling.
G. Pharmacoperones as potential therapeutics
For more than 20 years, there has been a great deal of interest in the use of gene therapy to correct genetic dis- There are several advantages of using pharmacoperones; among these is the ability to restore misfolded proteins to function and not leave residual proteins behind that can result in activation of the UPR (478), an event that causes other metabolic problems. If left unchecked, UPR leads to cell death, an event believed to have evolved to remove unregulated cells from organisms (43) .
Other examples include the observations that in patients with retinitis pigmentosa, retinal cells undergo apoptosis due to retention of the causative rhodopsin mutant (479) . In type 2 diabetes, ␤-cells become damaged by elevated demand for insulin and UPR activation (480) . Pharmacoperone drugs may provide a new way to accomplish this goal.
Most pharmacoperones identified to date and all pharmacoperones of the GnRHR have been identified from screens that were developed to select antagonists (Table 2) . Accordingly, these drugs have both pharmacoperone and antagonist activity, which is therapeutically undesirable, requiring a subtle balance between their chaperoning capacity and ability to be displaced by the endogenous ligand for plasma membrane-located receptor to be activated ( Figure 6 ). Therefore, pulsatile administration is likely required (423) . High throughput screen has been designed to identify pharmacoperones that lack antagonism.
We have described high throughput screening assays for pharmacoperones of the GnRHR and the AVPR2 (481) (482) (483) (484) . In these assays, the level of functional (mutant) receptor present in each test well is quantitated using a luminescent-based assay for second messengers. This allows the screen to identify compounds that increase the trafficking of the mutant. To triage assay artifact and compounds with intrinsic off-target activity, compounds are counter screened with the same cell line as the primary assay in the presence of doxycycline, which shuts off the mutant expression because it is expressed until tetracycline-off control. To eliminate artifacts resulting from the luminescence assay, an orthogonal independent assay is used to confirm hits. Compounds are then profiled for nonspecific cytotoxicity and specificity for the GPCR under study over other GPCR systems. Increase of total mutant at the cell surface is confirmed with radioligand binding and fluorescently tagged receptor localization studies. All validated hits are screened for agonist or antagonist activity and profiled for specificity using a panel of other cellular receptors. These screens will likely yield pharmacoperones that are allosteric modulators but not agonists or antagonists of the GPCRs with better therapeutic potential. A screening assay was also described for rhodopsin that identified both potent and weak pharmacoperones (485) .
VII. Conclusions and Future Directions
The transport of GPCR from its site of synthesis at the ER to the cell surface is an extremely complicated process. Numerous chaperones (both generic and receptor-specific) and transport proteins are likely involved in the different stages of the transport process. To prevent potential damaging effects of misfolded receptors, the cell exerts stringent quality control at several stages in the transport process, from protein folding to post-translational modifications, to cargo sorting and vesicle budding (53) . Many diseases caused by mutations in GPCR genes are primarily due to the misfolding of mutant receptors that are being detected by these quality control mechanisms, predominantly in the ER but also in the Golgi apparatus. Gaining a better understanding of these quality control mechanisms and compounds that can correct the misfolding may lead to treatment of these protein conformational diseases caused by mutations in GPCR genes. If in vivo, the cell surface expression level is critical for the particular receptor system and pharmacoperones can promote surface expression of the WT receptor, these drugs may also be used to treat common disease without any genetic mutation (as in the case for GnRHR and MC4R). Receptor antagonists may not work well with this strategy. Drugs identified by high-throughput screening that are not antagonists, such as allosteric modulators, may have better therapeutic potential. Research along this vein has significant translational implications.
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